ABSTRACT Alcohol is one of the most widely consumed and abused substances, and is a major factor in many alcohol-related diseases, incidents of impaired driving, and crimes. In this letter, we develop a mechanistic model for alcohol metabolism in the human body based on the dynamic parsimonious flux balance analysis technique. The developed whole body alcohol metabolic model contains two main mechanisms for ethanol metabolism in the body, namely, oxidative and non-oxidative mechanisms. The model is able to demonstrate the effect of variations in biochemical kinetics associated with the alcohol dehydrogenase enzyme, gender differences, physiological properties of the human body such as age, weight, and height, and the meal effect on the alcohol clearance from the body. Simulation results show that the model predictions are consistent with in vivo studies. The results from this letter indicate that the proposed metabolic modeling approach may open the door to new opportunities in the area of metabolic nutrition research and personalized medicine since it accounts for physiological properties and biochemical information related to the human body.
I. INTRODUCTION
A LCOHOL is a drug that slows down part of the brain. Excessive alcohol use may lead to increased risk of health problems and crimes [1] , [2] . Globally, alcohol consumption leads to approximately 3.3 million deaths each year [3] . These casualties have urged researchers to develop several models to better understand alcohol metabolism [4] . Alcohol metabolic modeling began in the 1930s with Wedmark [5] and continues on today in the form of physiologically based pharmacokinetic models (PBPK) [6] . These models describe the distribution, metabolism, and elimination of alcohol in the body. However, the current state-of-the-art models fail to account for several important factors that have a significant impact on alcohol clearance and toxicity in a single modeling framework. For instance, in the majority of the developed metabolic models, alcohol metabolism has been modeled by a single reaction in the liver [7] , but the research has shown that ethanol can be metabolized in the other human organs using different mechanisms [8] - [10] . Moreover, studies have shown that the variation in alcohol dehydrogenase (ADH) enzyme activity leads to different elimination rates and alcohol toxicity [11] . However, in the current PBPK models, this variation has not been considered where the kinetic parameters associated with the liver have been used [6] . In addition, experimental evidence has demonstrated that aging has a significant impact on maximum alcohol concentration in the body after consumption. In fact, decreased ADH enzyme activity and decreased liver volume contribute to having a higher level of alcohol concentration in older adults [12] . Moreover, although the research has shown that females with less ADH enzyme activity in the stomach have a higher maximum alcohol concentration in their body than males [13] , gender difference has not been included in the developed models as of yet [7] . One last parameter of interest is to consider the effect of a meal on the blood alcohol concentration (BAC) as studies have shown that the fed state decreases the BAC [14] .
The lack of a generic computational model that includes these elements (i.e., different metabolic mechanisms, aging, biochemical variation in enzyme activity, sex differences, and the meal effect) in one modeling framework and the growing research in the field of alcohol-related diseases have motivated us to develop a new mathematical model for alcohol metabolism. This model is built based on our previous modeling framework described in [15] . 
II. MODEL DEVELOPMENT
The framework in [15] includes the whole body model with 237 metabolites integrated with a human hepatocyte metabolic network. This framework uses a novel computational approach for solving the problem using the dynamic parsimonious flux balance analysis (pFBA) technique.
As known from the literature, alcohol can be metabolized through two major pathways in the human body, namely the oxidative and non-oxidative pathways. The oxidative mechanism occurs in the liver and stomach, while the non-oxidative mechanism takes place in the liver, heart, and pancreas. The end products of the oxidative and non-oxidative mechanisms are acetate and fatty acid ethyl ester (FAEE), respectively [9] . To include the non-oxidative pathway in the model, kinetic parameters associated with FAEE formation in the liver, pancreas, and heart are obtained from in vivo studies [16] , [17] and are used in the Michaelis-Menten kinetic model as follows:
Here, C i represents the alcohol concentrations in the liver, pancreas, and heart. Also, V m,i and K m,i represent the associated kinetic parameters.
To incorporate the alcohol metabolism in the stomach, the kinetic parameters associated with the ADH enzyme in the stomach for males and females are obtained from an experimental study (see Table 1 ) [12] . In this experiment, gastric ADH activity was measured at high and low ethanol concentration in 290 individuals of various ages. Based on the experimental evidence, the activity of ADH in the stomach decreases in older adults. In addition, the first-pass metabolism in the gastric mucosa is lower for female subjects due to a decreased activity of the ADH enzyme. To capture the effect of age and gender on the metabolic rate in the stomach, we fit a nonlinear function and introduce a modified kinetic model as follows:
Here, R s , V m , and K m are the first-pass metabolism rate and associated kinetic parameters, respectively; λ is a nonlinear function and is defined as follows:
Here, A is age in years. The model parameters for the nonlinear function are obtained using spline interpolation of experimental data presented in [12] , indicating the effect of age on ADH enzyme activity. To capture the oxidative pathway in the human hepatocyte, maximization of acetate production is considered as an objective function at the cellular level for the pFBA problem described in [15] . In addition, an empirical model is adapted from [18] to estimate the liver volume as a function of physiological properties of the human body (i.e., body weight, height, and age). Here, the differential equations describing the alcohol concentration in the whole human body are presented [15] .
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In these equations, V i , organ volume, and Q i , blood flow rate to the organ, are physiological properties of the human body, and K i , called the tissue-partition coefficient, represents pharmacokinetic properties of ethanol for the ith compartment. V s and K s are the amount of alcohol in the stomach and the stomach emptying rate, respectively. To incorporate the variation in alcohol metabolism rate in the liver, different constraints are applied for the reaction related to the ADH enzyme in hepatocyte metabolic network. The constraints are assigned based on the available information for the ADH enzyme activity in different populations [19] . In the next section, different simulations are conducted to illustrate the performance of the developed model. The simulations are compared with experimental data from different studies to show the impact of variation in the liver ADH enzyme activity, sex differences, aging, and the meal effect on alcohol clearance from the body. In Table 1 , ethanol PBPK model parameters are presented.
III. SIMULATION RESULT
To demonstrate the ability of the model to estimate the BAC, a set of experimental data from healthy Swedish volunteers published by Jones [20] is used. In this experiment, healthy men within four age groups (20-29, 30-39, 40-49, and 50-59 years of age with 12 participants in each group) drank 0.68g/kg(BW) ethanol as neat whisky after fasting overnight. The drink was finished within 20 min and the concentration levels of ethanol in their blood were collected at 30-60 min intervals for 7 h. Table 2 gives the details of age, weight, and height of the test subjects. Using this experimental data, we identified the fitting parameter (V m,ADH for the liver). In Fig. 1 , the result of the fit for each group is presented. As seen, the average BAC can be described by the model. In addition, the simulation results indicate that the time course of blood ethanol concentration is similar in all four groups, with the curve peaking for 50-59-year-old men at the highest level and 20-29-year-old men at the lowest level, which are consistent with experimental data.
As part of our model validation, to evaluate the ability of the model to predict the alcohol concentration in a single individual, we use a different set of experimental data published in [21] associated with healthy Swedish subjects. Fig. 2 shows that the model predictions have relatively good agreement with data.
In the next simulation, the gender difference in BAC is demonstrated. To do so, the data from an experimental study on 17 Italian women 22-48-year-old and 14 Italian men 26-53-year-old are used [13] . In this experiment, all subjects were asked to drink 0.3g/kg(BW) ethanol in a fasting state, and their BACs were collected for 300 min. The average male BAC data are used to identify the fitting parameter (V m,ADH for the liver and this parameter is assumed to be the same for female). Then, to test the model, the simulation is performed for the women subjects. As seen in Fig. 3(a) , the proposed model is capable of showing the difference in BAC due to gender.
In the last simulation, we aim to demonstrate the ability of the model to capture the meal effect on BAC. To do so, a set of experimental data of the average male BAC from [22] is used to identify the fitting parameters (i.e., V m,ADH for the liver and alcohol stomach emptying rate in the fed state). In this experiment, 10 healthy Swedish male subjects consumed 0.3g/kg(BW) in two different conditions (i.e., empty stomach and 1 h after eating a standardized breakfast). In both conditions, blood samples were collected for 240 min after the drink started. In Fig. 3(b) , the performance of the model to estimate the average blood concentrations in both conditions is depicted. To evaluate the ability of the model to describe the BAC in the fed and fasted conditions for individuals participating in this study (see [22] ), the simulations are performed for two subjects. As seen in Fig. 4 , the model simulation for BAC has good agreement with the experimental data in both the fed and fasted states for both individuals.
IV. CONCLUSION
In this letter, we have developed an alcohol metabolic model for humans based on the dynamic pFBA technique. The proposed model captures the important elements for alcohol metabolism in the human body. The simulation results show that model predictions are consistent with experimental data. The results from this letter indicate that the proposed model has several potential applications. For example, it could provide new opportunities in personalized medicine to study some metabolic disorders associated with alcohol metabolism, as the model accounts for biochemical information associated with each population as well as the individual and physiological properties of the human body. In addition, it could be used in forensic science to predict BACs in an individual. Although the presented model includes the most important enzymes for alcohol metabolism in the human body, the impact of other enzymes such as cytochrome CYP2E1, catalase, and phospholipase D for oxidative and non-oxidative mechanisms could be added to the model [23] - [25] . In addition, the effect of other factors such as disease, stress, and sex hormones in BAC could be added in future studies to enhance the model's generality.
